Featured Application: This work is a compilation of different strategies to obtain lamellar zeolitic materials with a hierarchical structure of pores. The aim of this work is to offer a greater dissemination of MWW-type lamellar zeolites to demonstrate the most recent strategies for obtaining materials with different pore architectures and providing promising applications in catalysis, adsorption, and separation.
Introduction
Zeolites are a class of crystalline materials formed by a skeleton based on tetrahedral silicon and aluminum (and others, such as P, Ge, Ga, B, S, and Fe), which form microporous (<2 nm) channels and cavities. Due to their microporous structure, these materials are extremely versatile and are widely used as adsorbents, ion exchangers, detergents, and catalysts [1] [2] [3] . However, it is in the catalysis field that zeolites play an essential role in refining, processing, and organic synthesis for fine chemistry. In fact, zeolites make up more than 40% of the solid catalysts used in the chemical industry [4] .
In the last two decades, two-dimensional lamellar zeolitic precursors (LZPs) have been found for some types of zeolites. These LZPs show the same basic structure as the tridimensional form with separated lamellae approximately 1 to 2 nm thick along one direction, and these precursors condense topotactically, producing three-dimensional structures. According to the International Zeolite Association (IZA), there are more than 200 framework topologies, and less than 10% of these structures have an LZP or exist in a two-dimensional form [5] . MWW, FER, NSI, OKO, RRO, CAS, CDO, PCR, RWR, and AFO are some examples of zeolite framework topologies that exist with a lamellar form. Readers can find the list of lamellar zeolites and their references in excellent reviews [6] [7] [8] [9] [10] . lamellar form. Readers can find the list of lamellar zeolites and their references in excellent reviews [6] [7] [8] [9] [10] .
Among these framework topologies, LZP with MWW topology, known as (P)MCM-22 (MCM-22 precursor), is remarkably the most studied LZP. Moreover, its modification with postsynthetic procedures yields engineered materials with different pore architectures and lamellae organizations, such as hybrid organic-inorganic, pillared, misaligned, disordered, delaminated, and desilicated structures [11] . These modifications open avenues to obtaining elegant and designed solids with hierarchical pore structures that could facilitate reactants in reaching active sites to increase the conversion and yield of the desired products. Considering the importance and the versatility of this class of nanoporous materials, this work will focus on MWW-type zeolites, showing their general aspects of synthesis and recent advances.
The Precursor (P)MCM-22 and MCM-22 Zeolites
(P)MCM-22 was reported in 1990 by Mobil and is composed of individual lamellae with a thickness of 2.5 nm, with sinusoidal 10-ring channels (0.40 × 0.50 nm) and 12-ring hemicavities (connected to each other by double 6-rings with an aperture of ~0.3 nm) on the upper and lower surface of the lamella [12, 13] . The precursor contains hexamethyleneimine (HMI) molecules used as a structure directing agent (SDA) occluded in the sinusoidal channels, as shown in Figure 1a . The interaction between lamellae occurs via hydrogen bonds between silanol groups on the surface and the HMI molecules also present between the MWW lamellae [8] . Adapted from Reference [14, 15] . Copyright (1998) , with the permission of the Royal Society of Chemistry, and Copyright (2006), with permission from Elsevier.
After calcination, the organic content is removed and the silanol groups between lamellae are condensed to form three-dimensional MCM-22 zeolite, as shown in Figure 1a . Consequently, an additional two-directional 10-ring (0.40 × 0.55 nm) channel, formed as the union of 12-ring hemicavities, generates internal super cages (free internal diameter of 0.71 nm and internal height of 1.82 nm), which are also connected to the aforementioned two-directional 10-ring channels [13] . In addition, it is possible to obtain a three-dimensional MCM-22 analog called MCM-49, which is obtained by direct crystallization by increasing the relative proportion of alkali in the gel composition [16] . Furthermore, another material called MCM-56 with a partial disorder of lamellar stacking is obtained when the reaction to form MCM-49 is stopped in the middle of the crystallization course [17, 18] .
The MCM-22 zeolite with high crystallinity can be obtained with Si/Al molar ratios between 15 and 70 (usually 20). However, ferrierite competing phases are found when the amount of aluminum increases (Si/Al = 9), as shown in the microscopic analysis of Figure 2 (image a, white arrows). In contrast, the decrease in aluminum in the synthesis gel (Si/Al > 70) leads to MFI (Mobil Five) Figure 1 . The two-dimensional (2D) zeolitic precursor and three-dimensional (3D) MWW (Mobil twenty two) zeolitic structure (a); its eight different tetrahedral sites (b); HMI (hexamethyleneimine). Adapted from Reference [14, 15] . Copyright (1998), with the permission of the Royal Society of Chemistry, and Copyright (2006), with permission from Elsevier.
The MCM-22 zeolite with high crystallinity can be obtained with Si/Al molar ratios between 15 and 70 (usually 20). However, ferrierite competing phases are found when the amount of aluminum increases (Si/Al = 9), as shown in the microscopic analysis of Figure 2 (image a, white arrows). In contrast, the decrease in aluminum in the synthesis gel (Si/Al > 70) leads to MFI (Mobil Five) competing phases [19] . It is also possible to obtain a pure silica zeolite MCM-22 analog by direct synthesis using mixtures of trimethyladamantylammonium (TMAda + ) and HMI as a second organic template, which is known as ITQ-1 [14] .
The Si/Al ratio associated with the synthesis temperature and the static and dynamic (rotation of the autoclaves) conditions of the gel aging could interfere in the formation of MCM-22. It was reported that the use of 30 < Si/Al < 70 and temperatures above 150 • C results in the formation of ferrierite and/or mordenite competing phases. At temperatures below 150 • C with dynamic conditions, the MCM-22 phase is insignificant, while the formation of other phases increases with a decrease in the Si/Al ratio [20] . Other authors have reported that an MCM-22 formation with no other phase competitions was avoided using temperatures between 135 and 150 • C. Furthermore, dynamic conditions produce MCM-22 zeolite with good quality, while static conditions result in the nonsignificant formation of the desired phase or even the formation of pure ferrierite [20, 21] . In addition, it was reported that the previous aging of the gel at 180 • C for 4-12 h and static conditions produced pure MCM-22 with a reduced crystallization time [22] .
Appl. Sci. 2018, 8, x 3 of 15 competing phases [19] . It is also possible to obtain a pure silica zeolite MCM-22 analog by direct synthesis using mixtures of trimethyladamantylammonium (TMAda + ) and HMI as a second organic template, which is known as ITQ-1 [14] . The Si/Al ratio associated with the synthesis temperature and the static and dynamic (rotation of the autoclaves) conditions of the gel aging could interfere in the formation of MCM-22. It was reported that the use of 30 < Si/Al < 70 and temperatures above 150 °C results in the formation of ferrierite and/or mordenite competing phases. At temperatures below 150 °C with dynamic conditions, the MCM-22 phase is insignificant, while the formation of other phases increases with a decrease in the Si/Al ratio [20] . Other authors have reported that an MCM-22 formation with no other phase competitions was avoided using temperatures between 135 and 150 °C. Furthermore, dynamic conditions produce MCM-22 zeolite with good quality, while static conditions result in the nonsignificant formation of the desired phase or even the formation of pure ferrierite [20, 21] . In addition, it was reported that the previous aging of the gel at 180 °C for 4-12 h and static conditions produced pure MCM-22 with a reduced crystallization time [22] . MCM-22 presents distinct acid sites that reveal the homogeneity in acid strength. The microcalorimetry results showed a concentration of acid sites (for an MCM-22 with Si/Al = 16) of 1052 μmol·g −1 , which is modestly higher than the concentration of aluminum ions, 947 μmol·g −1 , suggesting that all aluminum ions produce acid sites either by producing an unbalanced charge structure that is balanced by the proton or active as Lewis acid sites. It was assumed that the aluminum ions in the zeolite structure do not act as Lewis acid sites because they are "protected" by nearby protonic centers. These aluminum ions may be located on the extra-framework where the structure is relaxed, acting as Lewis acid sites. The author of this study pointed out that the additional concentration of acid sites (105 μmol·g −1 ) may be related to silanol groups located at the external surface [23] .
Studies employing infrared spectroscopy with adsorbed pyridine have reported that for samples with Si/Al = 10, 14, and 30, most acid sites (50-70%) are located in the supercavities. The other sites are located in the sinusoidal channels (20-30%) or connected to the hexagonal prisms between supercavities, with values of 10% for Si/Al = 10 and 14 and 20% for Si/Al = 30 [24] . In addition, a study using density functional theory reported that the favorite placement sites of aluminum ions are the MCM-22 presents distinct acid sites that reveal the homogeneity in acid strength. The microcalorimetry results showed a concentration of acid sites (for an MCM-22 with Si/Al = 16) of 1052 µmol·g −1 , which is modestly higher than the concentration of aluminum ions, 947 µmol·g −1 , suggesting that all aluminum ions produce acid sites either by producing an unbalanced charge structure that is balanced by the proton or active as Lewis acid sites. It was assumed that the aluminum ions in the zeolite structure do not act as Lewis acid sites because they are "protected" by nearby protonic centers. These aluminum ions may be located on the extra-framework where the structure is relaxed, acting as Lewis acid sites. The author of this study pointed out that the additional concentration of acid sites (105 µmol·g −1 ) may be related to silanol groups located at the external surface [23] .
Studies employing infrared spectroscopy with adsorbed pyridine have reported that for samples with Si/Al = 10, 14, and 30, most acid sites (50-70%) are located in the supercavities. The other sites are located in the sinusoidal channels (20-30%) or connected to the hexagonal prisms between supercavities, with values of 10% for Si/Al = 10 and 14 and 20% for Si/Al = 30 [24] . In addition, a study using density functional theory reported that the favorite placement sites of aluminum ions are the sites T1, T3, and T4, as shown in Figure 1b . The T2 site is presented as less favorite and the acidity of the T1 and T4 sites are equivalent and stronger than that of the T3 site, respectively [15] .
Regarding the good performance of the MWW materials for benzene alkylation reactions, and despite the small size of the channel apertures, it is suggested that a significant number of cavities are open on the surface of the crystallites. It was assumed that the "cups" of the supercavities have a free diameter of 0.71 nm and the formation of cumene and ethylbenzene must occur in these cavities without any diffusional barrier. This hypothesis is supported when catalytic activity is significantly decreased by deactivation with 2,6-di-tert-butylpyridine, a large molecule that cannot enter in the channels of MCM-22. However, spectroscopic results confirm that benzene could easily enter the supercavities [23, 25] .
The hydrothermal crystallization and morphology of MCM-22 can be significantly altered by static or dynamic conditions. The dynamic condition minimizes the excessive aggregation of the crystals (see Figure 3a ) when compared with static conditions, as shown in Figure 3b -g. Synthesis under dynamic conditions also induces the formation of zeolite with a higher crystallinity in a shorter time [17] . sites T1, T3, and T4, as shown in Figure 1b . The T2 site is presented as less favorite and the acidity of the T1 and T4 sites are equivalent and stronger than that of the T3 site, respectively [15] .
The hydrothermal crystallization and morphology of MCM-22 can be significantly altered by static or dynamic conditions. The dynamic condition minimizes the excessive aggregation of the crystals (see Figure 3a ) when compared with static conditions, as shown in Figure 3b -g. Synthesis under dynamic conditions also induces the formation of zeolite with a higher crystallinity in a shorter time [17] . The crystallization of MCM-22 is also influenced by the source of silicon used because its degree of dissolution affects nucleation and crystal growth. A study compared three silicon sources with different surface areas: silicic acid (750 m 2 ·g −1 ), silica gel (500 m 2 ·g −1 ), and precipitated Ultrasil silica (176 m 2 ·g −1 ); zeolite with 100% crystallinity was obtained with silicic acid followed by silica gel (90%) and Ultrasil (80%) by aging the gel for 7 days in dynamic conditions [26] . The authors showed high crystallinities obtained under static conditions using silicic acid when compared with the other silicon sources. This indicates that silicon sources with a high surface area are a determining factor in the crystallization of MCM-22. Figure 3a ,b show the morphologies of materials synthesized with silicic acid.
Other sources of silicon were used, such as sodium metasilicate, water-glass, and colloidal silica [29] . The use of sodium metasilicate reduced the induction period (less than 12 h) with a crystallized product after 6 days. Colloidal silica and water-glass required induction periods of 2 and 2.5 days, respectively. These differences were attributed to the different dissolution rates of each silicon source. The morphologies of zeolites synthesized with colloidal silica, sodium metasilicate, and water-glass are shown in Figure 3 (images f-h, respectively).
The use of silicon alkoxide as tetraethyl orthosilicate (TEOS) for the synthesis of MCM-22 has been reported [27] . The methodology involves a first step of pre-hydrolysis of TEOS catalyzed with a strong acid media (pH ranging from 0.98-1.65), followed by a second step of hydrothermal reaction of the hydrolyzed precursor with HMI and a source of aluminum in a base media with a pH value ranging from 11-12. This allows a shorter crystallization time, which differs from traditional methods where hydrolysis, condensation, and crystallization occur simultaneously in the same basic medium. According to the authors, MCM-22 with a crystallinity of 98% was produced after 3 days at 158 • C. Figure 3d shows the morphology of the obtained product.
Silica from burned rice husks was used to synthesize MCM-22 [30] . X-ray diffraction analysis confirmed that the product has an MWW structure and textural analysis showed a surface area of 384 m 2 ·g −1 and a pore volume of 0.28 cm 3 ·g −1 . Microscopic analysis showed different particles with interrupted growths, spherical aggregates, and concentric rings.
Structure Directing Agent (SDA)
The design of SDA for the synthesis of zeolites is a subject of continuous research and, for the MWW topology, it is possible to synthesize different materials with other SDAs than HMI. Here, the use of different SDAs is organized in chronological order.
1987-An aluminosilicate-based material was discovered, named SSZ-25, which exhibited the same characteristics as MWW materials [31] . However, it was initially assumed that the material only had 12-ring channels. Subsequently, it was confirmed that the structure of SSZ-25 was isomorphic to the structure of PSH-3 previously synthesized with HMI three years prior [32] . In this case, N,N,N-trimethyl-1-adamantyl ammonium hydroxide (TMAda + OH − ) was used as an SDA.
1988-A material called ERB-1 was reported, which was the first LZP where aluminum and boron were tetrahedrally coordinated into the MWW structure and piperidine was used as an SDA, and the use of alkali cations was not necessary [33] .
1998-TMAda + OH − was also used to obtain ITQ-1, a pure silica zeolite. To obtain this material, mixtures of TMAda + OH − with HMI had a particular role in the synthesis because TMAda + OH − allowed the formation of the external 12-ring hemicavities and HMI contributed to the stabilization of the sinusoidal 10-ring channels present in the internal structure of the MWW lamella [14] .
2004-The use of diethyldimethylammonium (DEDMA), ethyltrimethylammonium (ETMA), or hexamethonium (HM) cations as the SDA were reported, and the obtained material was called UZM-8 [34] . UZM-8 was synthesized with a Si/Al molar ratio between 6.5 and 35 and a disordered lamellar structure similar to that of MCM-56 zeolite.
2006-The use of N-methylsparteinium (MSPT) as an SDA in a high-throughput synthesis led to the discovery of ITQ-30, an MWW-type zeolite with disordered lamellae similar to MCM-56 [35] .
2011-The use of (bis(N,N,N-trimethyl)-1,5-pentanediaminium dibromide as an SDA was reported and conducted to form an EMM-10 precursor [36] . The material is similar to (P)MCM-22, but its lamellae are vertically misaligned.
2013-The use of 1,3-diisopropylimidazolium, a 1,3-diisobutylimidazolium cation, and 1,3-dicyclohexylimidazolium cations were reported to obtain a zeolite named SSZ-70 [37] .
2015-A new synthesis of MWW-type materials was reported. It employed 1,3-bis (cyclohexyl)imidazolium hydroxide (IM + OH − ) as an SDA, and the obtained materials were called ECNU-5A and ECNU-5B [38] . The procedure used calcined ITQ-1 as a silica source, which was recrystallized with an aqueous solution containing IM + OH − . The crystals of MWW rapidly dissolved due to the high basic pH in only 1 h at 170 • C, yielding only 17.8% and increasing to 92.3% after 24 h. The obtained materials showed a horizontal displacement with misaligned MWW lamellae structure in ABAB or ABC stacking sequence, caused by the geometry between IM + OH − and the silica structure.
The use of aniline (AN) with mixtures of HMI for the synthesis of MWW zeolites was reported [39, 40] . In this case, AN acts as a structure-promoting agent via space filling, and the authors pointed out that the use of AN contributed to the formation of the zeolitic structure because the molecules were not trapped within the MWW structure. Moreover, its recovery and recycling may contribute to low-cost synthesis.
2017-1-adamantanamine as an SDA was reported and the obtained material, called ECNU-10, had a three-dimensional structure analogous to MCM-49 zeolite [41] . ECNU-10 could be obtained when the gel Si/Al ratio was 12-13.5 in a relatively narrow phase region.
2018-A direct synthesis of three-tridimensional MCM-49 using cyclohexylamine (CHA) as an SDA was reported [42] . CHA has a low toxicity and low cost and the obtained results showed that more CHA molecules occupy the hemicavities on the surface and the supercavities, and the SiO 2 /Al 2 O 3 ratio of the obtained product could be up to 34.6. The authors compared the products synthesized with CHA or HMI for the liquid phase alkylation of benzene with ethylene and similar catalytic performances were observed.
MWW-Type Materials by Post-Synthesis Modifications
(P)MCM-22 offers diverse possibilities to obtain more open structures. The first example of this is the interlayer expanded zeolite called IEZ-MWW, in which silanol groups of the LZP were reacted with alkoxysilanes such as SiMe 2 Cl 2 or Si(EtO) 2 Me 2 [43] . After calcination, a 12-ring pore was formed by the single silicon atoms that act as small pillars, as represented in Figure 4 . The increase in pore structure may serve catalytic purposes to diffuse large molecules and as selective adsorbents for adsorption and separation.
The successful swelling procedure is a key step to obtain a hybrid organic-inorganic material used to form pillared and delaminated materials with high accessibility. In contrast, this procedure is still challenging (cost-and time-consuming and with the possible formation of competing mesophases). The separation of individual MWW lamellae was carried out using long alkyl organic molecules (hexadecyltrimethylammonium cations, CTA + , usually) to populate the interlamellar region. An alkaline media was needed to deprotonate the silanol groups and break the hydrogen bonds between the lamellae. Tetrapropylammonium hydroxide is a double agent because it supplies hydroxide ions and its counter ion (TPA + ) to facilitate the entering of the CTA + molecules into the interlamellar region. When NaOH is used, the small Na + cations rapidly enter the interlamellar region and compensate negatively charged ions before populating the CTA + molecules in the interlamellar region, resulting in an unsuccessfully or partially swollen material [44] . Several studies have sought to better understand swollen materials using different swelling conditions (room temperature or 80 • C), molecular dimensions of swelling agents, hydroxide sources, and strategies of recycling and reusing the swelling solution [45] [46] [47] [48] [49] [50] .
MCM-36 was the first pillared molecular sieve with zeolite properties. The swollen precursor was mixed with a pillaring agent (TEOS) and went through subsequent calcination where rigid silica pillars formed, keeping the individual MWW lamella separated from each other. Characterization results showed a surface area of 896 m 2 ·g −1 (compared with 400 m 2 ·g −1 for MCM-22) with mesopores between 2 and 4 nm and higher adsorption capacities of bulky molecules as 1,3,5-trimethylbenze (TMB) with 0.040 mg·g −1 , whereas MCM-22 showed negligible adsorption [51, 52] .
Another important pillared material was reported, but in this case, aryl silsesquioxane molecules acted as organic pillars between MWW lamellae to obtain a multifunctional organic-inorganic catalytic material with a hierarchical structure [53] . The swollen precursor was reacted with a solution of 1,4-bis(triethoxysilyl)benzene (BTEB) and the CTA + molecules were removed by acid extraction. Following this, amino groups were incorporated onto the bridged benzene groups in the interlayer space. The obtained materials showed acid sites provided by the MWW structure of lamellae combined with basic sites from amino groups incorporated on the aryl molecules. Characterization results showed a basal spacing of 4.1 nm, a surface area of 556 m 2 ·g −1 , and a mesoporous region formed by the separated lamellae.
The use of swollen MWW materials treated with ultrasound and acidic medium and a posterior calcination generate ITQ-2, the first delaminated zeolite [54] . Its surface area showed 700 m 2 ·g −1 and a broad distribution of mesopores due to the random stacking of MWW lamellae in edge-to-face orientation, as shown in Figure 4 . ITQ-2 had superior capacities (7 times higher than MCM-22) for the adsorption of TMB and superior catalytic performance for reactions with the cracking of bulky molecules, such as 1,3-diisopropylbenzene and vacuum gas oil in gasoline and diesel [55] .
The use of confined subnanometric platinum species was reported and made use of a swelling procedure [56] . In this approach, a solution containing subnanometric platinum species was added during the swelling procedure of the ITQ-1 precursor. After calcination, a three-dimensional zeolite containing platinum confined in the supercavities and on the external surface of the MWW crystallites was formed, as shown in Figure 5 . The authors also studied the growth of these platinum species by high-temperature oxidation-reduction treatments, obtaining small nanoparticles with sizes between 1 and 2 nm. [51, 52] . Another important pillared material was reported, but in this case, aryl silsesquioxane molecules acted as organic pillars between MWW lamellae to obtain a multifunctional organic-inorganic catalytic material with a hierarchical structure [53] . The swollen precursor was reacted with a solution of 1,4-bis(triethoxysilyl)benzene (BTEB) and the CTA + molecules were removed by acid extraction. Following this, amino groups were incorporated onto the bridged benzene groups in the interlayer space. The obtained materials showed acid sites provided by the MWW structure of lamellae combined with basic sites from amino groups incorporated on the aryl molecules. Characterization results showed a basal spacing of 4.1 nm, a surface area of 556 m 2 ·g −1 , and a mesoporous region formed by the separated lamellae.
The use of confined subnanometric platinum species was reported and made use of a swelling procedure [56] . In this approach, a solution containing subnanometric platinum species was added during the swelling procedure of the ITQ-1 precursor. After calcination, a three-dimensional zeolite containing platinum confined in the supercavities and on the external surface of the MWW crystallites was formed, as shown in Figure 5 . The authors also studied the growth of these platinum species by high-temperature oxidation-reduction treatments, obtaining small nanoparticles with sizes between 1 and 2 nm. Recently, a novel strategy to obtain delaminated MWW-type zeolite employed a treatment using commercially available telechelic liquid polybutadienes at room temperature and a swollen precursor [57] . The resulting swollen precursor/polymer suspension was subject to ultrasound or a chaotic flow treatment in a planetary mixing system, as shown in Figure 6 . The authors confirmed delamination using small angle X-ray scattering (SAXS) results, where no interlamellar reflections were observed using hydroxyl-terminated polybutadiene (HTPB) with 36 min of chaotic flow. On the other hand, the sonication procedure is also effective, but required 5 h to obtain a delaminated material. Another interesting result was the increase in the interlamellar space of the swollen precursor from 4.6 nm to 9.4 nm after manual mixing with HTPB for only 1 min. The authors also pointed out that the end groups of the liquid polybutadienes preferentially interact with the zeolite surface through hydrogen bonds and this is the key factor needed to obtain a delaminated material. Recently, a novel strategy to obtain delaminated MWW-type zeolite employed a treatment using commercially available telechelic liquid polybutadienes at room temperature and a swollen precursor [57] . The resulting swollen precursor/polymer suspension was subject to ultrasound or a chaotic flow treatment in a planetary mixing system, as shown in Figure 6 . The authors confirmed delamination using small angle X-ray scattering (SAXS) results, where no interlamellar reflections were observed using hydroxyl-terminated polybutadiene (HTPB) with 36 min of chaotic flow. On the other hand, the sonication procedure is also effective, but required 5 h to obtain a delaminated material. Another interesting result was the increase in the interlamellar space of the swollen precursor from 4.6 nm to 9.4 nm after manual mixing with HTPB for only 1 min. The authors also pointed out that the end groups of the liquid polybutadienes preferentially interact with the zeolite surface through hydrogen bonds and this is the key factor needed to obtain a delaminated material. Recently, a novel strategy to obtain delaminated MWW-type zeolite employed a treatment using commercially available telechelic liquid polybutadienes at room temperature and a swollen precursor [57] . The resulting swollen precursor/polymer suspension was subject to ultrasound or a chaotic flow treatment in a planetary mixing system, as shown in Figure 6 . The authors confirmed delamination using small angle X-ray scattering (SAXS) results, where no interlamellar reflections were observed using hydroxyl-terminated polybutadiene (HTPB) with 36 min of chaotic flow. On the other hand, the sonication procedure is also effective, but required 5 h to obtain a delaminated material. Another interesting result was the increase in the interlamellar space of the swollen precursor from 4.6 nm to 9.4 nm after manual mixing with HTPB for only 1 min. The authors also pointed out that the end groups of the liquid polybutadienes preferentially interact with the zeolite surface through hydrogen bonds and this is the key factor needed to obtain a delaminated material. Another post-synthetic approach to obtain more open structures in MWW-type materials is to generate intracrystalline mesopores [41] . This strategy uses MCM-49 zeolite and mixtures of CTA + and NaOH under different temperatures and times to obtain desilicated MWW-type materials, as shown in Figure 7 . Under the post-synthesis treatment, fragments of the MWW zeolitic structure were removed by the attack of the hydroxide ions in the defects, whereas the CTA + molecules acted as a defensive barrier to avoid uncontrollable dissolution by NaOH. Thus, intracrystalline mesopores were formed by the regions where CTA + presented "defensive failures." The obtained materials showed a distribution of mesopores with sizes between 2 and 4 nm.
Another post-synthetic approach to obtain more open structures in MWW-type materials is to generate intracrystalline mesopores [41] . This strategy uses MCM-49 zeolite and mixtures of CTA + and NaOH under different temperatures and times to obtain desilicated MWW-type materials, as shown in Figure 7 . Under the post-synthesis treatment, fragments of the MWW zeolitic structure were removed by the attack of the hydroxide ions in the defects, whereas the CTA + molecules acted as a defensive barrier to avoid uncontrollable dissolution by NaOH. Thus, intracrystalline mesopores were formed by the regions where CTA + presented "defensive failures." The obtained materials showed a distribution of mesopores with sizes between 2 and 4 nm. Figure 7 . Post-synthesis treatment to obtain intracrystalline mesopores in MCM-49 zeolite. TEM micrographs were taken from Reference [58] . Copyright (2015), with permission from Elsevier.
MWW-Type Materials by Direct Synthesis
Several efforts have been made to obtain individual zeolitic lamellae separated by direct synthesis, with the main aim of eliminating the swelling and delamination steps. The first MWWtype material with individual lamellae separated from each other was called Direct Synthesis ITQ-2 (DS-ITQ-2). DS-ITQ-2 was obtained by a very similar traditional synthesis of (P)MCM-22 that was modified using N-hexadecyl-N′-methyl-DABCO (C16DC1) as a dual template, as shown in Figure 8 . DABCO acted as an SDA because of its similarity to HMI, while the tail group (C16) avoided the stacking and growth of the structure along the c-axis. The calcined material showed a surface area of 545 m 2 g −1 and microporous volume of 0.12 cm 3 g −1 , which is higher than that of the traditional ITQ-2 (0.08 cm 3 g −1 ). The pore size distribution showed values in a broad range, which is characteristic of delaminated-type zeolites.
MIT-1 was another MWW-type delaminated material obtained by direct synthesis [59] . However, the organic molecule was the TMAda + OH − linked by alkyl chains with four, five, or six carbons and connected with a CTA + molecule, as shown in Figure 8 . In this case, the adamantylammonium as the head-group acted as an SDA, the linkers acted to stabilize the pore mouth, and the hydrophobic tail of the CTA + molecule prevented zeolitic growth along the c-axis. MIT-1 had a surface area higher than 500 m 2 g −1 and a broad distribution of mesopore sizes. TEM micrographs were taken from Reference [58] . Copyright (2015), with permission from Elsevier.
Several efforts have been made to obtain individual zeolitic lamellae separated by direct synthesis, with the main aim of eliminating the swelling and delamination steps. The first MWW-type material with individual lamellae separated from each other was called Direct Synthesis ITQ-2 (DS-ITQ-2). DS-ITQ-2 was obtained by a very similar traditional synthesis of (P)MCM-22 that was modified using N-hexadecyl-N -methyl-DABCO (C 16 DC 1 ) as a dual template, as shown in Figure 8 . DABCO acted as an SDA because of its similarity to HMI, while the tail group (C 16 ) avoided the stacking and growth of the structure along the c-axis. The calcined material showed a surface area of 545 m 2 ·g −1 and microporous volume of 0.12 cm 3 ·g −1 , which is higher than that of the traditional ITQ-2 (0.08 cm 3 ·g −1 ). The pore size distribution showed values in a broad range, which is characteristic of delaminated-type zeolites.
MIT-1 was another MWW-type delaminated material obtained by direct synthesis [59] . However, the organic molecule was the TMAda + OH − linked by alkyl chains with four, five, or six carbons and connected with a CTA + molecule, as shown in Figure 8 . In this case, the adamantylammonium as the head-group acted as an SDA, the linkers acted to stabilize the pore mouth, and the hydrophobic tail of the CTA + molecule prevented zeolitic growth along the c-axis. MIT-1 had a surface area higher than 500 m 2 ·g −1 and a broad distribution of mesopore sizes. Both DS-ITQ-2 and MIT-1 are examples of MWW-type materials obtained when the SDA was linked with a long hydrophobic alkyl chain. Another strategy made use of mixtures of SDA and CTA + using a dissolution-recrystallization route to obtain a swollen precursor called Al-ECNU-7P by direct crystallization [60] . The synthesis comprises a dissolution containing MWW seeds (ITQ-1), the 1,3-bis(cyclohexyl)imidazolium hydroxide as an SDA, and a silicate source at 140 °C for 1 h followed by the addition of CTA + and the aluminum source. Then, the obtained gel was crystallized at 150 °C for 72 h, as shown in Figure 9 . From the Al-ECNU-7P, it was possible to obtain a pillared material with a basal spacing of 5 nm, a surface area of 701 m 2 ·g −1 , and a mesopore size distribution centered at 3.1 nm. The direct calcination of Al-ECNU-7P showed delaminated and partially condensed lamellae, a surface area of 502 m 2 ·g −1 , and a mesopore size distribution centered at 5 nm. Both DS-ITQ-2 and MIT-1 are examples of MWW-type materials obtained when the SDA was linked with a long hydrophobic alkyl chain. Another strategy made use of mixtures of SDA and CTA + using a dissolution-recrystallization route to obtain a swollen precursor called Al-ECNU-7P by direct crystallization [60] . The synthesis comprises a dissolution containing MWW seeds (ITQ-1), the 1,3-bis(cyclohexyl)imidazolium hydroxide as an SDA, and a silicate source at 140 • C for 1 h followed by the addition of CTA + and the aluminum source. Then, the obtained gel was crystallized at 150 • C for 72 h, as shown in Figure 9 . From the Al-ECNU-7P, it was possible to obtain a pillared material with a basal spacing of 5 nm, a surface area of 701 m 2 ·g −1 , and a mesopore size distribution centered at 3.1 nm. The direct calcination of Al-ECNU-7P showed delaminated and partially condensed lamellae, a surface area of 502 m 2 ·g −1 , and a mesopore size distribution centered at 5 nm. Both DS-ITQ-2 and MIT-1 are examples of MWW-type materials obtained when the SDA was linked with a long hydrophobic alkyl chain. Another strategy made use of mixtures of SDA and CTA + using a dissolution-recrystallization route to obtain a swollen precursor called Al-ECNU-7P by direct crystallization [60] . The synthesis comprises a dissolution containing MWW seeds (ITQ-1), the 1,3-bis(cyclohexyl)imidazolium hydroxide as an SDA, and a silicate source at 140 °C for 1 h followed by the addition of CTA + and the aluminum source. Then, the obtained gel was crystallized at 150 °C for 72 h, as shown in Figure 9 . From the Al-ECNU-7P, it was possible to obtain a pillared material with a basal spacing of 5 nm, a surface area of 701 m 2 ·g −1 , and a mesopore size distribution centered at 3.1 nm. The direct calcination of Al-ECNU-7P showed delaminated and partially condensed lamellae, a surface area of 502 m 2 ·g −1 , and a mesopore size distribution centered at 5 nm. Another strategy to overcome the diffusional barrier imposed on reactants and products is the synthesis of nanosized zeolites. The decrease of common microsized zeolite crystals to nanosized crystals increases the external surface and could facilitate the rapid diffusion of reactants and products [61] . The synthesis of nanosized MCM-22 zeolite was reported using polydiallydimethylammonium chloride (PDDA) as a protecting or stabilizing agent to avoid the self-aggregation and intergrowth of silica colloids by direct synthesis, as shown in the scheme of Figure 10a . The self-assembly of the cationic polymer and the negatively charged silica species interactions are the main reasons to obtain nanosized MCM-22 with a crystal size of 40 nm, as shown in Figure 10b . Another strategy to overcome the diffusional barrier imposed on reactants and products is the synthesis of nanosized zeolites. The decrease of common microsized zeolite crystals to nanosized crystals increases the external surface and could facilitate the rapid diffusion of reactants and products [61] . The synthesis of nanosized MCM-22 zeolite was reported using polydiallydimethylammonium chloride (PDDA) as a protecting or stabilizing agent to avoid the selfaggregation and intergrowth of silica colloids by direct synthesis, as shown in the scheme of Figure  10a . The self-assembly of the cationic polymer and the negatively charged silica species interactions are the main reasons to obtain nanosized MCM-22 with a crystal size of 40 nm, as shown in Figure  10b . Recently, a direct synthesis method was reported to obtain dandelion-like MCM-22 microspheres with interparticle meso/macro voids [63] . The authors used carbon black pearls (BP 2000) as a hard template and the synthesis is shown in Figure 11 . In the synthesis procedure, colloidal silica was slowly added dropwise to a mixture containing water, sodium aluminate, HMI, and BP 2000 in rotation during nucleation and crystal growth. Recently, a direct synthesis method was reported to obtain dandelion-like MCM-22 microspheres with interparticle meso/macro voids [63] . The authors used carbon black pearls (BP 2000) as a hard template and the synthesis is shown in Figure 11 . In the synthesis procedure, colloidal silica was slowly added dropwise to a mixture containing water, sodium aluminate, HMI, and BP 2000 in rotation during nucleation and crystal growth. Another strategy to overcome the diffusional barrier imposed on reactants and products is the synthesis of nanosized zeolites. The decrease of common microsized zeolite crystals to nanosized crystals increases the external surface and could facilitate the rapid diffusion of reactants and products [61] . The synthesis of nanosized MCM-22 zeolite was reported using polydiallydimethylammonium chloride (PDDA) as a protecting or stabilizing agent to avoid the selfaggregation and intergrowth of silica colloids by direct synthesis, as shown in the scheme of Figure  10a . The self-assembly of the cationic polymer and the negatively charged silica species interactions are the main reasons to obtain nanosized MCM-22 with a crystal size of 40 nm, as shown in Figure  10b . Recently, a direct synthesis method was reported to obtain dandelion-like MCM-22 microspheres with interparticle meso/macro voids [63] . The authors used carbon black pearls (BP 2000) as a hard template and the synthesis is shown in Figure 11 . In the synthesis procedure, colloidal silica was slowly added dropwise to a mixture containing water, sodium aluminate, HMI, and BP 2000 in rotation during nucleation and crystal growth. The interactions between BP 2000 and the gel precursor were due to the hydrogen bonds between the functional groups (carboxylic acid, ketone, and ester) present in carbon black and the silanol and amino groups derived from HMI, as well as the Si−O and Al−O bonds. The tortuous shape of BP 2000 aggregates interacts only with the external surfaces of the MWW crystals, forming thin MWW crystal platelets stacked in edge-to-face orientations with interparticle porosity. The pore size distribution showed large mesopores and macropores centered at 200 nm, which is two times higher than that of the traditional MCM-22 zeolite.
Conclusions
MWW-type zeolites are attractive nanoporous materials for different applications, due to their three-dimensional and two-dimensional forms. It is interesting that, even 30 years after the discovery of materials with MWW topology, research and development around this family is a matter of continuous interest. Most of this is due to the versatility of the lamellar zeolitic precursor that allows the creation of elegant and different pore architectures with tunable physicochemical properties in terms of acidity, accessibility, and structural stability. The direct synthesis of MWW-type materials with different lamellae organizations are directly linked to the synthesis and discovery of new SDAs with a special attention paid to the dual templates that avoid excessive growth and stacking of the structure along the c-axis. In the future, these routes of synthesis may gain more prominence and extend to other zeolitic structures. Funding: This research received no external funding.
